Abstract. Ionospheric two-stream waves and gradient-drift waves nonlinearly drive a large-scale (D.C.) current in the E-region ionosphere. This current ows parallel to, and with a comparable magnitude to, the fundamental Pedersen current. The underlying mechanism is quite simple. E-region plasma waves generate oscillating electric elds causing electrons toẼ B drift perpendicular to the wave's propagation direction. On the wave's maxima, electrons drift with the same velocity but in the opposite direction as they do on the minima. Since more electrons exist at the maxima than at the minima, a net current results. Wave-driven currents will substantially modify the large scale dynamics of the E-region during highly active periods. They will a ect the behavior of E-region waves, possibly causing type I radar echoes to have a Doppler velocity close to the acoustic speed. Additionally, wave-driven currents may be the source of non-sinusoidal electric eld measurements made in gradient-drift waves by rockets.
Introduction and Background
Not long after the development of radar in the 1940s, Bowles 1954] reported observing strong coherent radar echoes from the E-region ionosphere indicating the presence of waves. A number of years later, Farley 1963] and Buneman 1963] applied linear kinetic and uid theories to describe the origin of these echoes, now called the Farley-Buneman or two-stream instability. Maeda et al. 1963 ] extended this theory to describe a second E-region instability, the gradient-drift instability. However, linear theories cannot fully describe the behavior of these nonlinearly saturated waves. This paper describes an important nonlinear e ect, the driving of an electron current with the same order of magnitude and direction as the fundamental E-region ion Pedersen current.
Since the rst observations of E-region waves, hundreds of papers describing measurements and theories have been published. Numerous review papers and books, including Fejer and Kelley 1980] , Farley 1985] and Kelley 1989 ] survey this topic with varying degrees of detail. A recent review of theoretical developments can be found in Hamza and St.-Maurice 1995] . Particle simulations of the two-stream instability can be found in Janhunen 1994 ] and hybrid simulations are described in Oppenheim 1995] and Oppenheim et al. 1996] . Recent uid simulations of the gradient-drift instability have been carried out by Ronchi et al. 1991] . Kudeki et al. 1985] used perturbation theory to evaluate the e ects of nonlinear wave-driven currents on gradient-drift waves, explaining the measured direction and, roughly, the magnitude of the up-down asymmetry of secondary two-stream waves. They also argued that the current modi es the equatorial electrojet's vertical polarization electric eld and its e ective conductivity. We extend these arguments to the two-stream instability and show that the magnitude of the wave-driven current is comparable to the fundamental Pederson current in both the equatorial and auroral electrojets.
Wave-driven currents may be responsible for a number of unexplained observations of E-region wave phenomena. In the equatorial electrojet numerous radar studies have reported Farley-Buneman waves traveling exclusively at the acoustic velocity despite the linear theory's prediction that these waves should travel at speeds closer to the electron drift velocity. Since a wavedriven current appears as soon as Farley-Buneman waves develop and works to prevent additional electrojet charging, it may prevent the electrojet from becoming su ciently charged to make the distinction between the acoustic and linear theory velocities measurable. Additionally, rockets have observed periodic, but non-sinusoidal electric elds within gradient-drift waves. We show that secondary two-stream waves, driving nonlinear currents, can cause this e ect. shown by the varying shades of grey, darkest where the waves enhance the plasma density and lightest where they reduce it. At the density maxima and minima, we show the direction of the perturbed electric eld, E, the direction in which the electrons drift in response to E, v, and the resulting electron current, J = n v.
This current is larger where the plasma density is enhanced than where it is reduced. On the right, we show the direction of the net, wave-driven, vertical, electron current, J e . An identical mechanism generates wave-driven currents in the auroral electrojet whenrn = 0, E 0 is horizontal and B 0 is vertical.
Theory of Wave-Driven Currents
The electrojet occurs at an altitude where ion-neutral collisions dominate ion behavior, while both electronneutral collisions and the Earth's magnetic eld a ect electron behavior. Near the magnetic poles and equator, large polarization electric elds,Ẽ 0 , frequently develop causing electrons toẼ B drift while ions remain relatively xed due to collisions with neutrals. The resulting current is called the electrojet. The FarleyBuneman instability causes meter-scale plasma density perturbations to grow when the electron drift speed exceeds the acoustic speed by an amount predicted by linear theory. The gradient-drift instability causes kilometer-scale density perturbations to grow when a plasma density gradient coexists with electrons drifting at velocities above a threshold also predicted by linear theory. Both these instabilities create propagating compressional plasma density waves which drive nonlinear currents as illustrated by Figure 1 .
We align the Earth's magnetic eld,B 0 , withŷ, and the electrojet's electric eld,Ẽ 0 , withẑ. The electrons drift withṼ d = ?E 0 =B 0x . We assume linear traveling waves evolve as exp i(k x ? !t)].
The 1-D linear theories of the Farley-Buneman and gradient-drift instabilities predict that any perturbation in the plasma density, n, will grow exponentially if a large enough jV d j and/or gradient in the background plasma density, n 0 , exists. A perturbed electric eld, E x , also grows exponentially with the following relationship to n,
The constants are de ned as follows: i i = i , 0 i e =( i e ), i and e are the ion and electron collision frequencies, i and e are ion and electron cyclotron frequencies. To derive (1), one combines the quasineutrality assumption,r J = 0, with the inertialess electron momentum equation and the ion continuity and momentum equations see Kelley, 1989, p. 169] .
Equation (1) approximates the relationship between E and n quite well for E-region waves longer than a meter and substantially shorter than the kilometer-scale plasma density gradient. For shorter waves, kinetic effects modify this relationship. For longer waves, the relationship between E and n incorporates terms reecting the magnitude of the plasma density gradient.
We have left these terms out, not because they invalidate the following arguments but because they unnecessarily complicate the algebra. The term containing the electron temperature, T e , results from electron diffusion which we shall neglect because it tends to be small and because the resulting electric eld is 90 out of phase with the density wave and does not result in a net electron current when averaged over an entire wave. 
Hence, the electrons travel in the +ẑ direction with the same velocity at the maxima of the density enhancements as they travel in the ?ẑ at the minima. However, at the maxima the density exceeds that at the minima so more electrons drift in the +ẑ direction than in the How does the magnitude of a wave-driven current compare to other currents in the E-region? This depends on the unknown, nonlinearly determined quantity, j nj. For two-stream waves in the equatorial electrojet, evidence from in-situ experiments and simulations suggest that the average magnitude of the perturbed electric eld, h Ei, is similar to E 0 (see Pfa et al. 1987a] and Oppenheim et al. 1996] ). For gradient-drift waves, the h Ei is more di cult to estimate though it has been measured to reach approximately 15mV/m which corresponds to the largest measured values of E 0 Pfa et al., 1987b] . Using (1), (3) and h Ei = E 0 , we can estimate the magnitude of the wave-driven current as hJ ez i = en 0 (E 0 =B 0 ) i (1 + 0 )=2 : (4) Since both i and 0 are of the order of 0.1, the nonlinear electron current is approximately 5% of the drift current. However, its importance derives from the fact that it ows perpendicular to the electron drift current and with the same order of magnitude as the ion Pedersen current.
Using J ip E 0 n 0 e 2 =(m i i )ẑ to approximate the ion Pedersen current and (4) to estimate the wave-driven current magnitude, we obtain the ratio, hJ ez i
Hence, the wave-driven current has a similar magnitude to the ion Pedersen current. Since the ion Pedersen current plays an important role in E-region dynamics, so must the wave-driven current.
Two-Stream Wave Simulations
In nature, the nonlinear behavior of electrojet waves may disrupt the phase relationship between E and n, greatly reducing or eliminating the wave-driven currents. However, simulations of the Farley-Buneman instability show appreciable currents driven by saturated Figure 2 . Simulated density of waves in a saturated state. The primary wave front propagates rightward. As the primary waves travel rightward, the crests of secondary waves travel upward along the wave fronts as indicated by the bold arrow. Likewise, minima travel not only rightward but also downward.
two-stream waves. In fact, we rst learned of wavedriven currents from a 2D hybrid code which models the plane perpendicular to the geomagnetic eld with particle-in-cell (PIC) ions and uid electrons Oppenheim et al., 1995] . Figure 2 shows the perturbed density from a typical two-stream wave in a saturated state. Figure 3 shows the vertical currents calculated by drawing an imaginary horizontal line across the center of the simulation and totaling the electron and ion ows crossing it. Towards the end of the simulation (t > 100ms), the ion and electron currents have roughly the same magnitude and ow in the same direction as predicted by (5). A simulation with slightly di erent parameters, where the di erence between the acoustic speed and jV d j is smaller, shows the wave driven current having about half the magnitude of the Pedersen current.
Our two-stream simulations show plasma density perturbations traveling perpendicular to the wave direction as indicated in Figure 2 . These additional traveling waves may result from a secondary FarleyBuneman-type instability driven by the nonlinearẼ B drifting electrons. They di er from the standard Farley-Buneman instability because they appear on the extrema of primary two-stream waves. Oppenheim et al. 1996 ] develops this idea further. Motion pictures of our simulation results may be viewed directly with a WWW browser at the addresses http://www.ee.cornell-.edu/ meers and http://www.mpae.gwdg.de/publications/Oppenheim Gradient-drift wave simulation two-stream wave simulation. J i shows the ion Pedersen current. J e shows the electron current which starts with a small value representing the electron Pedersen current and, later, develops a far larger current due to the wavedriven current. J shows the total vertical current.
waves Pfa et al., 1987b] . Wave-driven electron currents can cause these squared-o electric elds through a two-step process. First, the perturbed electric eld of a gradient-drift wave must exceed the threshold necessary to initiate two-stream waves Sudan et al., 1973] . Second, these secondary waves generate wave-driven electron currents which modify the original gradientdrift waves.
To study the e ect of wave-driven currents on gradientdrift waves, we developed a 1-D numerical model. We assumed inertialess ions and electrons and eliminated di usion and all nonlinear terms. We imposed the wave-driven current by increasing the electron current wherever the electric eld of the gradient-drift waves became large enough to drive two-stream instabilities. We began the simulation with a small gradientdrift wave which grew exponentially until its amplitude reached the threshold for two-stream waves. Then, wherever the electric eld exceeded the threshold, the program added an electron current equal to half the ion current. After a number of cycle times the perturbed electric eld appeared similar to the measured elds show in gures 4-9 of Pfa et al. 1987b ], as shown in Figure 4 . The addition of the wave-driven current also had the e ect of dramatically slowing gradient-drift wave growth.
Neither the squaring of the waves nor the slowing of the growth is surprising, given the simple model we used. It is almost inevitable that when one adds an effect which works to reduce the perturbed electric eld at the crest of a wave, that wave will become somewhat square. Also, reducing the perturbed electric elds and the perturbed plasma densities at the extrema should disrupt the exponential growth. While one might en- hance a similar 1-D model by adding di usion, recombination and (or) ion inertia, a more important enhancement is to add the second dimensional perpendicular to B. While such a 2-D simulation exceeds the current computational capacity of PIC or hybrid codes, a uid code should be able to model this system. Such a code could distinguish between various saturation mechanisms for gradient-drift waves.
Discussion and Conclusions
We have shown that a large-scale, wave-driven current results from the nonlinear dynamics of two-stream and gradient-drift waves. During quiet periods in the E-region, when no waves exist, only Pedersen currents ow parallel to the electric eld. During active periods, when waves exist, a wave-driven current will increase the total current. If we make the well-justi ed assumption that the perturbed electric eld is, on average, the same order of magnitude as the electrojet's polarization eld, then the resulting wave-driven current will have approximately the same size and direction as the ion Pedersen current. The rapid increase in current may be modeled as a drop in electrojet resistance. However, adding an explicit electron current, as we did in our 1-D model of a gradient-drift wave, seems more appropriate.
The e ect of a wave-driven current on the E-region necessarily di ers for the equatorial and auroral electrojets because the mechanism for establishing and supporting polarization electric elds in those two locations di ers so dramatically. In the equatorial electrojet, the electric elds derive their energy largely from the strong neutral winds which usually blow from east to west, and from tidal winds. A complete model involves a three dimensional current path as well as dawn and dusk terminators. It should be possible to add a nonlinear current to models of the equatorial electrojet to obtain a better understanding of this large-scale current system.
In the auroral electrojet, large electric elds result from a complex interaction between the solar wind and the magnetosphere. Currents generated high above the E-region propagate along the Earth's magnetic eld lines until they reach the electrojet where currents can ow across magnetic eld lines. When the resulting polarization electric eld becomes large enough to drive waves and wave-driven currents, the e ective resistance drops. The repercussions of this change may very well propagate back into the magnetosphere and a ect the dynamics of the global scale system. Wave-driven currents will a ect the behavior of waves in the equatorial electrojet. The observation that twostream waves travel at speeds close to the acoustic velocity may result from nonlinear currents stabilizing the polarization electric eld at a value only slightly larger than the minimum value necessary to cause wave growth. Additionally, as we have shown with a simple 1-D simulation, a wave-driven current, acting through secondary two-stream waves, can modify gradient-drift waves to reproduce the electric eld measurements made by rockets.
Rockets should be able to infer the existence of wave-driven currents by averaging the electron currents across many waves. If such direct measurements are too di cult, they should be able to measure both the perturbed electric eld and the plasma density at many points in a wave and calculate the current driven bỹ E B drifting electrons. Determining the magnitude of a wave-driven current, given known ionospheric conditions, should greatly increase our understanding of electrojet physics.
A fundamental question about E-region instabilities has been, \do they play an appreciable role in the dynamics of the electrojet or are they interesting only because our radars and rockets detect them?" We believe that, because of wave-driven currents, waves in the electrojet are not simply measurable evidence of strong currents, but play an integral role in modifying the fundamental nature of the electrojet.
